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Abstract Hemicellulose is a major component of ligno-

cellulose biomass. Complete degradation of this substrate

requires several different enzymatic activities, including

xylanase. We isolated a strain of Bacillus licheniformis

from a hot springs environment that exhibited xylanase

activity. A gene encoding a 23-kDa xylanase enzyme,

Xyn11, was cloned, and the recombinant protein was

expressed in an Escherichia coli host and biochemically

characterized. The optimum activity of the enzyme was at

pH 5–7 and 40–50�C. The enzyme was stable at temper-

atures up to 50�C. Against birchwood xylan, the enzyme

had an apparent Km of 6.7 mg/mL and Vmax of 379 lmol/

min/mg.

Introduction

Lignocellulosic biomass is considered a prime alternative

to fossil fuels as a source for many of our fuel and chemical

feedstock needs. After cellulose, hemicellulose comprises

the largest fraction of biomass [15]. Hemicellulose plays a

role in crosslinking the other components of biomass via

hydrogen and covalent bonds [5, 8, 18]. Effective hydro-

lysis of hemicellulose would both release this carbohydrate

and increase access to the other components of lignocel-

lulose. Thus, improved breakdown of hemicellulose is a

key factor in maximizing biomass utilization.

Hemicellulose is comprised primarily of xylan, a poly-

mer of b-1,4-linked xylose residues [17]. The xylan

provides attachment points for different chemical moieties,

such as arabinofuranosyl and glucuronyl groups, that

mediate linkages with the other components of lignocel-

lulose [2, 3]. Xylanases are a class of enzyme that

hydrolyzes the b-1,4 internal bonds of the xylan backbone

polymer [13]. Based on the predicted three-dimensional

structure of the catalytic residues, the xylanases can be

categorized into glycosyl hydrolase (GH) families [6]. The

majority of xylanases belong to one of two GH families:

GH10 and GH11. GH10 xylanases are generally larger than

those of GH11 and are better at hydrolyzing substituted

xylan [4, 12]. However, GH11 xylanases usually have

higher specific activity.

We have isolated a strain of xylanase-producing Bacil-

lus licheniformis that was collected near a hot spring. We

cloned a gene that was predicted to encode a family GH11

xylanase. Recombinant enzyme was produced and char-

acterized in a bacterial host. The Xyn11 enzyme had an

optimal activity at pH 5–7 and 40–50�C. When tested

against a variety of substrates, the Xyn11 enzyme only had

detectable activity against xylan substrates.

Materials and Methods

Cultures and Reagents

Samples of sediment containing mixed populations of

microorganisms were collected from Borax Lake, Oregon

hot springs (GPS coordinates N 42o20.1290 W

118o36.1610). Escherichia coli strain BL21(DE3)pLysE

was obtained from Novagen (Madison, WI, USA). All

DNA restriction endonucleases were obtained from New
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England Biolabs (Ipswich, MA, USA). All chemicals were

obtained from Sigma (St. Louis, MO, USA) unless other-

wise specified.

Identification of B. licheniformis MS5-14

A pure culture of strain MS5-14 was isolated from the hot

spring sample. Genomic DNA was prepared from MS5-14

using the FastDNA kit (Qbiogene, Irvine, CA, USA). The

16S rRNA gene was amplified from the genomic DNA by

polymerase chain reaction (PCR) using the primers 27f and

1525r [9]. The 16S rRNA gene was cloned, and the

sequence was compared to other genes in the GenBank

database by BLAST (basic local alignment search tool) [1].

Cloning

Primers (bacX-5 and bacX-3) containing degenerate

nucleotides were designed based on the conserved 50 and 30

ends of several Bacillus sp. xylanase genes. These primers

were designed to incorporate the restriction enzyme rec-

ognition sites for NdeI and XhoI in the linker regions of the

50 and 30 oligonucleotides, respectively.

bacX-5: GCACATATGTTTAAGTTTAAAAAGAATT

TYTTAGTTGGATTA

bacX-3: GCACGCTCGAGCCACACTGTTACGTTAG

AACTTCCACTAC

The primers were used in PCR reactions to amplify the

xyn11 gene from B. licheniformis MS5-14 genomic DNA.

PCR reactions were conducted in 50 lL [containing 100 ng

genomic DNA template, 2.5 lM of each primer, 10 mM

dNTP, and 1.25 U of PfuUltra Hotstart enzyme (Stratagene,

La Jolla, CA)] using an initial denaturation step at 95�C for

2 min; 30 amplification cycles of 30 s at 95�C, 30 s at 53�C,

90 s at 72�C; and a final 10-mine extension at 72�C. The

resulting PCR product and pET29b+ plasmid (Novagen)

were digested with restriction enzymes NdeI and XhoI and

ligated to produce pET29-MS14-X11 expression vector.

MS514-X11 Expression and Purification

The pET29-MS514-X11 plasmid was transformed into

BL21(DE3)pLysE host cells. A liquid culture of the

transformed colony was grown in Luria-Bertani (LB) broth

by shaking at 37�C. Recombinant protein expression was

induced by addition of isopropyl-b-D-thiogalactopyrano-

side to a final concentration of 1 mM when the optical cell

density at 600 nm reached 1.5. After 3 h of additional

growth, the bacteria were harvested by centrifugation and

lysed with BugBuster reagent (Novagen) according to the

manufacturer’s protocol. The recombinant Xyn11 enzyme

was bound to a HiTrap SP column (GE Healthcare,

Piscataway, NJ, USA) in 50 mM sodium phosphate (pH

7.2) and eluted by sodium chloride gradient (20 mM to

2 M). Fractions containing the Xyn11 enzyme were pooled

and applied to a HisTrap HP column (GE Healthcare) in

50 mM sodium phosphate (pH 7.2) and eluted by imidazole

gradient (50–500 mM). Fractions containing purified

enzyme were pooled and buffer-exchanged into 50 mM

sodium phosphate (pH 7), 50 mM sodium chloride, and

10% glycerol using EconoPac 10DG desalting column

(Bio-Rad, Hercules, CA, USA).

Enzyme Activity Assays

Xylanase activity on solid media was detected by visible

clearings around microorganisms growing on 0.1% RBB-

xylan (4-O-D-glucurono-D-xylan-remazol brilliant blue R),

a dye-labeled substrate (Megazyme, Bray, Ireland). For hot

spring environmental samples, microorganisms were

spread on modified defined media agar plates (EZ- rich

defined medium, Teknova, Hollister, CA, USA) containing

0.2% native xylan substrate (beechwood xylan, birchwood

xylan, and oat spelt xylan at equal ratios) and 0.1% RBB-

xylan. For BL21(DE3)pLysE transformants, the cells were

spotted on LB agar plates containing 0.1% RBB-xylan.

Enzymatic activity against different substrates at various

conditions was monitoring by measuring release of

reducing sugar. In brief, 50-lL aliquots of the reaction

were removed at various time points and added to 75 lL

DNSA reagent (1% dinitrosalicyclic acid and 30% pota-

sium sodium tartrate in 0.5 M sodium hydroxide). The

samples were then heated at 100�C for 5 min and cooled,

and the optical density was measured at 540 nm. Xylose

solutions of known concentrations were processed in par-

allel as standards. Kinetic parameters were determined

using the birchwood xylan substrate in concentrations

ranging from 0.5 to 30 mg/mL. All liquid activity assay

data are the results of three replicates.

Analysis of Xylanase Hydrolysis Products

Recombinant xylanase (92 nM) was incubated with 1%

birchwood xylan in a 25-lL volume at 40�C for 18 h.

Undigested xylan and enzyme were precipitated from the

reaction by adding 75 lL ethanol, incubating on ice for

10 min, and collecting the supernatant. The liquid was then

evaporated, and the reducing sugar ends were labeled with

a fluorophore using the Carbohydrate Labeling and Anal-

ysis Kit (Beckman Coulter, Fullerton, CA, USA). The

reaction products were then diluted 250-fold and analyzed

on a P/ACE MDQ capillary electrophoresis system

(Beckman Coulter). Separations were performed using a

40-cm uncoated fused-silica capillary column of 50 mm

internal diameter (MicroSolv Technology Corp., Long
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Branch, NJ, USA). Analyses were carried out at 25�C with

an applied voltage of 15 kV using 100 mM sodium borate,

pH 10.2, as the running electrolyte. A typical run schedule

was 0.5 min at 50 psi in 0.1 N sodium hydroxide, 0.5 min

at 50 psi in H2O, 0.5 min at 50 psi in 0.1 N hydrochloric

acid, 0.5 min at 50 psi in H2O, 3.5 min at 50 psi in 100 mM

sodium borate (pH 10.2), conditioning at 30 kV for 5 min,

injection for 2 s at 0.2 psi, and separation at 15 kV. The

detection system was a Beckman laser-induced fluores-

cence detector using an excitation wavelength of 488 nm

and detection at 520 nm.

Results and Discussion

Identification of B. licheniformis Strain MS5-14

Sediment from an environmental sample collected from a

hot spring (57�C) was used to inoculate a liquid defined

media culture (Teknova) containing xylan as the carbon

source and grown at 50�C. Samples from this culture were

streaked onto minimal media agar plates containing RBB-

xylan and incubated at 50�C. Cultures that produced

clearings in the agar plate indicated xylanase activity and

were isolated. One of those cultures was designated MS5-

14. This strain formed off-white, smooth colonies with

filamentous edges. The bacteria were short, slender motile

rods that stained Gram positive.

To identify the organism, we cloned the 16S rRNA gene

and compared the sequence to others in the database. The

MS5-14 16S rRNA gene had very high identities ([99%)

to the 16S rRNA from B. licheniformis ATCC 14580 type

strain [14]. As such, we named the newly isolated culture

B. licheniformis strain MS5-14.

Cloning of MS514-xyn11 Gene

We aligned the nucleotide sequences of three Bacillus sp.

xylanase genes that were in the GenBank database

(accession Nos. DQ520129, M36648, and Z34519). We

designed oligonucleotides against the conserved 50 and 30

ends of the genes. Although the sequence of the 30 ends of

the genes were identical, the 50 ends of the genes had

differences. Therefore, a degenerate oligonucleotide was

designed against the 50 end of the gene. Using the B. li-

cheniformis MS5-14 genomic DNA as the template and the

two primers, three independent PCR reactions were con-

ducted to amplify the MS514-xyn11 gene. The genes from

each of the three PCR reactions were cloned separately and

sequenced. The sequences of the genes from each of the

independent PCR reactions were found to be identical

including the region encompassed by the degenerate

oligonucleotide.

The sequence of the MS514-xyn11 gene (GenBank

EU591524) was compared to those in the GenBank data-

base. The MS514-xyn11 gene was highly similar to that of

B. licheniformis I5 (GenBank DQ520129), which was also

isolated from a hot spring environment. At the amino acid

level, the enzyme differed by only one residue with a Gln

instead of a Pro at position 35. Based on the amino acid

sequence, the enzyme was predicted to have a molecular

weight of 23.4 kDa. The enzyme had a glycosyl hydrolase

family 11 catalytic domain in region 32–212, and the

highly conserved residues implicated to be critical for

catalytic activity were present (Fig. 1) [7, 10, 16]. There

was a potential signal peptide at the N-terminus. Two

signal sequence analysis tools, SignalP-NN (neural net-

work) and SignalP-HMM (hidden Markov model),

predicted the cleavage site of the signal peptide to be either

between residues 28 and 29 or between residues 23 and 24,

respectively [11].

Biochemical Characterization of MS514-Xyn11

The MS14-xyn11 gene was cloned into an expression

vector, and the recombinant MS514-Xyn11 enzyme was

produced and purified to apparent homogeneity from a

bacterial host (Fig. 2a). The substrate specificity of the

enzyme was tested against a variety of targets (Fig. 2b).

MS514-Xyn11 had the highest activity against birchwood

xylan. The enzyme had less (44%) activity against oat spelt

xylan. MS514-Xyn11 had negligible activity against

insoluble and soluble cellulose substrates (Avicel and

carboxymethyl cellulose, respectively) and other glucose-

based substrates (laminarin and lichenan).

The MS514-Xyn11 enzyme functioned between pH 5

and 7 with an optimum at pH 6 (Fig. 3a). The enzyme was

most active between 40�C and 50�C (Fig. 3b). The ther-

mostability of the enzyme was tested by preincubating the

enzyme for 30 mins at various temperatures and then

assaying for the remaining activity at 50�C (Fig. 3c).

MS514-Xyn11 was stable at temperatures up to 50�C.

However, at 55�C, more than half of the activity was lost,

and no activity remained at 60�C.

 1 MFKFKKNFLVGLTAALMSISLFSATASAASTDYWQNWTDGGGTVNAVNGS

51 GGNYSVNWSNTGNFVVGKGWTKGSPSRTINYNAGVWAPNGNGYLALYGWT

101 RSPLIEYYVVDSWGTYRPTGTYKGTVYSDGGTYDIYTTKRYNAPSIEGQH

151 STFTQYWSVRRSKRPTGNNAKITFSNHVKAWKSHGMNLGSIWSYQVLATE

201 GYQSSGSSNVTVW

Fig. 1 Amino acid sequence of MS514-Xyn11 enzyme. Underlined

region denotes conserved GH11 xylanase domain. Starred amino

acids are predicted essential catalytic residues. Arrowheads indicate

putative cleavage sites of signal peptide
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The MS514-Xyn11 enzyme retained xylanase activity in

the presence of a wide variety of cations (Table 1).

Activity was stimulated by increasing the amounts of cal-

cium, lithium, and magnesium. Cobalt, manganese, and

zinc stimulated MS514-Xyn11 activity at lower concen-

trations but inhibited activity at the highest concentration

tested (20 mM). Iron had little effect on the enzyme activity

at lower concentrations but did inhibit at the highest con-

centration tested. Copper at 20 mM caused the most

dramatic inhibition by reducing the activity to 12% of the

control.

Kinetic parameters were calculated for the enzyme

against birchwood xylan. The apparent Km and Vmax were

determined to be 6.7 ± 0.7 mg/mL and 379 ± 15 lmol/

min/mg, respectively. The products of the enzymatic digest

were analyzed by capillary electrophoresis and found to be

primarily xylopentaose, xylotetraose, and xylotriose. This

pattern is consistent with that expected from an endoxy-

lanase enzyme.

In summary, we have cloned a gene from B. licheni-

formis that encodes a xylanase enzyme, MS514-Xyn11.

The enzyme was biochemically characterized and found to

have no detectable cellulase activity and tolerance to a

wide variety of cations. Thus, the MS514-Xyn11 enzyme

could be useful as an additive to mixtures designed to

hydrolyze biomass as well as in applications for which it is

desirable to maintain cellulose structure.

Table 1 Effect of various cations on xylanase activity

% No additive activity

5 mM 10 mM 20 mM

CaCl2 116 109 131

CoSO4 116 126 116

CuSO4 120 28 12

FeSO4 105 107 73

LiCl 125 122 138

MgCl2 114 127 157

MnSO4 127 140 75

ZnSO4 125 93 79

All reactions were conducted at 50�C and pH 6 with 1% birchwood

xylan. A reaction with no additive was assigned 100% activity. All

other reaction rates in the table are relative to this standard

Fig. 2 (a) Purified MS514-

Xyn11 enzyme. M, molecular

weight markers; X, purified

enzyme. (b) Relative enzymatic

activity against various

carbohydrate substrates. Birch,

birchwood xylan; Oat, oat spelt

xylan; Avi, Avicel; CMC,

carboxylmethyl cellulose; Lam,

laminarin; and Lic, lichenan

Fig. 3 pH and temperature activity profile. (a) Relative activity at 50�C and various pHs. (b) Relative activity at pH 6 and various temperatures.

(c) Stability of enzyme after 30 min preincubation at various temperatures, followed by activity determination at 50�C and pH 6. All reactions

used a 1% birchwood xylan substrate

304 C. C. Lee et al.: B. licheniformis Xylanase

123



Acknowledgments We thank Stephanie Smith (University of

Idaho, Moscow, ID, USA) for environmental samples. We thank

Chamroeun Heng (USDA-ARS, Albany, CA, USA) for technical

assistance.

A reference to a company and/or products is only for purposes of

information and does not imply approval or recommendation of the

product to the exclusion of others that might also be suitable. All

programs and services of the US Department of Agriculture are

offered on a nondiscriminatory basis without regard to race, color,

national origin, religion, sex, age, marital status, or handicap.

References

1. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)

Basic local alignment search tool. J Mol Biol 215:403–410

2. Bajpai P (1997) Microbial xylanolytic enzyme system: properties

and applications. Adv Appl Microbiol 43:141–94

3. Biely P, MacKenzie CR, Puls J, Schneider H (1986) Coopera-

tivity of esterases and xylanases in the enzymatic degradation of

acetyl xylan. Bio/technology 4:731–733

4. Biely P, Vrsanska M, Tenkanen M, Kluepfel D (1997) Endo-beta-

1,4-xylanase families: differences in catalytic properties. J Bio-

technol 57:151–166

5. Das NN, Das SC, Dutt AS, Roy A (1981) Lignin–xylan ester

linkage in jute fiber (Corchorus capsularis). Carbohydrate Res

94:73–82

6. Henrissat B, Bairoch A (1996) Updating the sequence-based

classification of glycosyl hydrolases. Biochem J 316:695–696

7. Ko EP, Akatsuka H, Moriyama H et al (1992) Site-directed

mutagenesis at aspartate and glutamate residues of xylanase from

Bacillus pumilus. Biochem J 288:117–121

8. Lai YZ (1995) Reactivity and accessibility of cellulose, hemi-

cellulose, and lignins. In: Hon DNS (ed) Chemical modification

of lignocellulosic materials. CRC Press, Boca Raton, FL, pp 35–

96

9. Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackbrandt E,

Goodfellow M (eds) Nucleic acid techniques in bacterial sys-

tematics. Wiley, New York, pp 115–175

10. Miao S, Ziser L, Aebersold R, Withers SG (1994) Identification

of glutamic acid 78 as the active site nucleophile in Bacillus
subtilis xylanase using electrospray tandem mass spectrometry.

Biochemistry 33:7027–7032

11. Nielsen H, Engelbrecht J, Brunak S, von Heijne G (1997) Iden-

tification of prokaryotic and eukaryotic signal peptides and

prediction of their cleavage sites. Protein Eng 10:1–6

12. Pell G, Taylor EJ, Gloster TM et al (2004) The mechanisms by

which family 10 glycoside hydrolases bind decorated substrates.

J Biol Chem 279:9597–9605

13. Prade RA (1996) Xylanases: from biology to biotechnology.

Biotechnol Genet Eng Rev 13:101–131

14. Sneath PHA, Mair NS, Sharpe ME, Holt JG (1986) Bergey’s

manual of systematic bacteriology, vol 2. Williams and Wilkins,

Baltimore

15. Timell TE (1964) Wood Hemicelluloses. I. Adv Carbohydr Chem

19:247–302

16. Wakarchuk WW, Campbell RL, Sung WL, Davoodi J, Yaguchi

M (1994) Mutational and crystallographic analyses of the active

site residues of the Bacillus circulans xylanase. Protein Sci

3:467–475

17. Ward OP, Moo-Young M (1989) Enzymatic degradation of cell

wall and related plant polysaccharides. Crit Rev Biotechnol

8:237–274

18. Wong DW (2006) Feruloyl esterase: a key enzyme in biomass

degradation. Appl Biochem Biotechnol 133:87–112

C. C. Lee et al.: B. licheniformis Xylanase 305

123


	Cloning of Bacillus licheniformis Xylanase Gene �and Characterization of Recombinant Enzyme
	Abstract
	Introduction
	Materials and Methods
	Cultures and Reagents
	Identification of B. licheniformis MS5-14
	Cloning
	MS514-X11 Expression and Purification
	Enzyme Activity Assays
	Analysis of Xylanase Hydrolysis Products

	Results and Discussion
	Identification of B. licheniformis Strain MS5-14
	Cloning of MS514-xyn11 Gene
	Biochemical Characterization of MS514-Xyn11

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


